Poor medication adherence is a well-known problem, particularly in patients with chronic conditions, and is associated with significant morbidity, mortality and health-care costs. Multi-faceted and personalized interventions have shown the greatest success. Pharmacogenetic (PGx) testing may serve as another tool to boost patients' confidence in the safety and efficacy of prescribed medications. Here, we consider the potential impact (positively or negatively) of PGx testing on medication-taking behavior.
Pharmacogenetic (PGx) testing provides information about a patient's likelihood to have an adverse response and/or a therapeutic response to a medication, enabling the potential for a tailored and personalized approach to medication therapy. Genetic variation has been estimated to account for 20-95% of the variation in individual responses to medications. 1 A total of 113 drug labels approved by the US FDA (Food and Drug Administration) include information about variability in patient response secondary to genetic variability (http://www.fda.gov/Drugs/ScienceResearch/ ResearchAreas/Pharmacogenetics/ucm083378.htm), a handful including information about more than one gene. Although the primary focus of PGx testing has been on improving drug selection and dosing in patient populations or individuals, a secondary potential benefit of testing may be the improvement of medication adherence. Poor medication adherence is a well-known problem, particularly in patients with chronic conditions, resulting in greater morbidity, mortality and health-care costs. [2] [3] [4] [5] Although the potential benefit of PGx testing to improve adherence has been recognized for chronic diseases such as attention-deficit/hyperactivity disorder 6 and diabetes, 7 it is just beginning to be evaluated as an intervention, either alone or in combination with other interventions. 8 Successful implementation of PGx testing into clinical practice, which assists patients and providers with therapy decisions, is consistent with current national goals to improve health care, engage patients and reduce health-care costs. In this paper, we discuss the potential mechanisms by which PGx testing may affect medication-taking behavior-either positively or negatively.
THE CONTINUING CHALLENGE OF MEDICATION ADHERENCE
It is estimated that the annual economic burden of non-adherence is about $300 billion in the United States, 2 and that about onethird to one-half of all patients in the United States do not take their medications as directed by their health-care providers. 3 However, due to inconsistent definitions and measures of adherence in the literature and in clinical practice, the exact prevalence of non-adherence and associated cost is unknown. 3 The World Health Organization broadly defines patient medication adherence as the extent to which a person's medication-taking behavior corresponds with agreed recommendations from a health-care provider. 9 As shown in Figure 1 , many factors, often in combination, have been reported to be associated with medication non-adherence including side effects, perception that the medication is unnecessary, 10 low health literacy 11 and cost or lack of insurance coverage. 12 In particular, poor medication adherence has been well documented for chronic conditions given that effective management typically requires long-term use of one or more medications. 13 
IMPROVING MEDICATION ADHERENCE
Effective strategies to promote adherence to a prescribed regimen(s) are desperately needed to reduce this ongoing problem in health care. However, given the complexity and heterogeneity of factors influencing medication adherence, it has been challenging to develop effective interventions to improve adherence. In general, the success rate of tested interventions has been relatively low, 14 though even a small increment in adherence may result in substantial cost savings. 15 Multifaceted interventions and/or personalized interventions may be necessary to reduce medication non-adherence in the United States. 9, 15, 16 The most promising types of interventions to enhance medication adherence involve simplification of the drug regimen and addressing barriers to adherence such as improving convenience of care and providing information, counseling, reminders, selfmonitoring, and reinforcement and follow-up. 16 Patient-tailored interventions that explicitly address patients' concerns and perceived necessity, and engage them in treatment decisions may be more likely to succeed in improving adherence. 17 
POTENTIAL POSITIVE CONSEQUENCES OF PGX TESTING ON MEDICATION ADHERENCE
In addition, a few studies have suggested some positive impact with PGx testing in improving medication adherence and clinical 1 outcomes. 7, 8 The inherent personal nature of learning of one's genetic likelihood of having a positive therapeutic response or not having an adverse effect from the medication may increase the perceived efficacy/necessity or decrease the patient concern, respectively, ultimately improving medication adherence. The act of testing alone may reduce anxiety about the medication, contributing to increased adherence. 18 Having patients engaged in medication selection or dosing decisions based upon the results of PGx testing may not only improve patient knowledge of their disease and treatment options, but also improve patient trust resulting in improved medication adherence. 19 Patient's confidence in a physician's recommendations contributes to likelihood of drug initiation 20 and discussion of therapeutic options provides a personal risk assessment and perhaps a greater sense of shared decision-making. Even if patients decline to have PGx testing after discussing it with their physician, the discussion about testing may improve patient satisfaction and feelings of shared decision-making. PGx-informed therapeutic decisions may result in reduced patient burden and costs associated with trial and error of medications for treatment and follow-up care required for management of adverse effects. The reduced burden and cost to the patient could positively influence medication adherence and thereby improve long-term outcomes and health costs.
POTENTIAL ADVERSE CONSEQUENCES OF PGX TESTING ON MEDICATION ADHERENCE
As is the case for many types of genetic tests, PGx testing may result in beneficial or harmful outcomes, depending on the interpretation and communication of the test results. Thus, PGx testing may yield its own adverse effects that need to be carefully weighed. For example, while a PGx test result predicting that a patient will benefit from a given treatment or have a low risk of adverse events may improve adherence, prediction that the guideline-recommended treatment may not be as effective or associated with a higher potential risk of side effects may negatively influence adherence by both the provider and the patient. In particular, reduction in initial or long-term dose based on the PGx test result may raise doubt and reduce confidence about the safety and/or effectiveness of the treatment. Patients' familiar with or having a preference for a particular drug may be disappointed if the PGx test result indicates that other drugs may be safer or more effective. Similarly, patients may perceive that a 'targeted' drug (designed to target specific genetic aberrations) is more effective, and thus, the use of a non-targeted drug is less effective, negatively impacting adherence to the alternatively prescribed drug. Furthermore, patients' anxiety may be heightened following receipt of an 'unfavorable' result resulting in nonadherence and increased concerns about their health and provider's ability to effectively care for them.
In addition, there are potential negative consequences for providers. Specifically, if a guideline-recommended medication is not used due to results of the PGx test demonstrating a lack of efficacy or high risk of adverse effects, then the clinician may be required to provide justification for their decision and potential negative impact on his/her performance measures or the performance measures of his/her clinic or hospital. In addition, depending upon the strength of evidence demonstrating the anticipated lack of benefit or increased risk, the clinician may be opening himself/herself up to potential litigation if outcomes are not as expected.
A number of other factors associated with non-adherence may be exacerbated by PGx testing. For instance, studies of public attitudes toward PGx testing have reported concerns that genetically tailored drugs would be more costly and result in greater health disparities. 21 Therefore, patients and clinicians may be concerned that PGx testing may result in greater health-care costs and health disparities. Some patients may interpret PGx test results as determinant of an outcome, a concern if PGx test results are perceived to be unfavorable. Even tests that indicate no increased risk for an adverse event, however, may not reduce patient concerns and even raise anxiety in some patients.
READINESS OF PGX TESTING FOR CLINICAL CARE
Despite the FDA's efforts toward providing information for health professionals about the impact of genetic variation on drug response or risk of adverse responses through revised drug labeling, there is substantial debate about the clinical utility of PGx testing, due in part to the lack of evidence. Cost-effective data for some tests are ambiguous 22 and insurance coverage is not wide-spread, 23 further limiting uptake. However, several studies have reported that the public is generally supportive of PGx testing, [24] [25] [26] and physician and patient demand may override concerns of the lack of clinical evidence for PGx testing. 27 Furthermore, implementation of PGx testing would fit well with the current movement toward patient-centered care model supported by recent health care reform in the United States (Affordable Care Act). The scope of clinical utility should be expanded to include medication adherence and the design of clinical trials to assess utility of PGx testing should also include measures of the impact of PGx test results on adherence. 28 While the reporting of results and communication between patient and provider about the interpretation and implications of the results is consistent with a patient-centered care model, full implementation in the clinical practice setting may be challenging. For example, some clinical practices may have policies on only reporting abnormal laboratory findings. As such, 'normal' results such as the results of the PGx test that does not indicate the need for a drug or dose adjustment may not be automatically reported to the patient. However, it is precisely this type of result that should be reported to potentially boost patient's confidence in the efficacy of the drug or reduce concerns about adverse effects, thereby, potentially increasing adherence. Likewise, if the 'normal' result is reported simply as 'normal' without some explanation as to its significance to the patient's likelihood to respond favorably to the prescribed drug or have a lower risk to experience an adverse effect, the meaning of the result may not be clear to the patient and the potential benefit of increased adherence will also be lost.
Understanding PGx test results will be a challenge for all patients, particularly those with lower health literacy. Millions of Americans have inadequate health literacy. 29 PGx testing typically provides risk estimates or categorical risks (for example, increased likelihood) instead of definitive results, which may also be challenging to understand for many individuals, particularly those with low numeracy skills. 30 Educational materials designed for patients with low health literacy about PGx testing and the results should be presented in a manner understandable for patients of varying levels of literacy to minimize confusion and misinterpretation. As PGx testing can inform future therapeutic decision-making, it is particularly important to understand the meaning and significance of the results when they are first ordered to increase the likelihood that the results will be disclosed or shared with future health-care providers.
CONCLUSION
Much of the uncertainty surrounding the clinical use of PGx testing at this time may be a reflection of the novelty of testing as it remains a heavily investigated area of research. Although it is unlikely that any recommendations for PGx testing will be based on its impact on medication adherence, this potential benefit should not be overlooked. PGx testing in combination with other inventions may serve to improve adherence in combination with other interventions. A small proportion of patients demonstrating improved medication adherence due to PGx testing could result in substantial health savings. With the movement toward patientcentered care, it appears to be an opportune time to investigate the benefit of PGx testing for medication adherence and how testing can be smoothly integrated into various health delivery systems to realize such potential benefit. Understanding the relationship between PGx test results and medication adherence will be useful in other areas of research such as risk communication, cost-effectiveness, analyses of interventions, and patient acceptance and engagement in self care.
